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In the earlier literatures naphthyl radicals are conceived to be the most 
electronegative radicals. Thus Skraup™ has obtained the result that naph- 
thyl radicals have the highest ‘‘ affinity requirement ’’ and p-anisy] radical 
is next to them, when he has compared so called affinity requirement of 
organic radicals by his ‘‘ oxazol-’’ and ‘‘ carbinol-’’ methods. It has been 
already discussed that the “affinity requirement ’’ is nothing but electro- 
negativity. 

Establishing the relative electronegativities of organic radicals by 
double decomposition of unsymmetrical organomercuric compounds and 
hydrogen chloride, Kharasch and Marker™ have given the result that naph- 
thyl radicals rank first and p-anisyl radical comes next. But later, after 
closer experiments, the following correction was made for this order that 
p-anisy] radical is the most negative and a-naphthy] radical is the second.” 

It will be interesting to check these results by determining the relative 
electronegativities of p-anisy] and naphthy] radicals by some other method. 
For this purpose, we can find an excellent method in the rearrangements 
of symmetrical pinacones, which has been proposed by the author with its 
theoretical deduction, and its applicability has been proved by a series of 
experimental data. 

As for a-naphthy] radical, Bailar calculated its migration tendency 
with respect to p-tolyl and p-anisy] radicals, in the rearrangements of sym. 
di-p-tolyl-di-a-naphthyl glycol and sym. di-p-anisyl-di-a-naphthyl glycol, 
and found that taking the migration tendency of a-naphthy] radical 1, those 
of p-tolyl and p-anisy! radicals are 0.88 and 2 respectively. This Bailar’s 
result can be interpreted from the author’s theory as follows: a-naphthyl 
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radical is somewhat more negative than p-tolyl] radical and fairly more 
positive than p-anisy] radical. 

As little has been known of electronegativity of §-naphthyl radical, 
intending to determine the rank of this radical in the series representing 
relative electronegativities of organic radicals by the pinacoline method, the 
rearrangement of sym. di-p-anisyl-di-8-naphthy] glycol (I) was first studied. 

In the actual rearrangement of this glycol (I) migration of anisyl 
radical takes place exclusively, di-p-anisyl-8-naphthyl-8-naphthoyl] methane 
(Il) being produced, which shows that p-anisyl is by far more negative 
than 8-naphthyl radical, conforming with the result given by Kharasch and 
Reinmuth in the later paper. 


CH:OCsHa ¥ CsH,OCH; CH:OCsH. 
(1) em Aer (I) CH,OCsHs>C-CO-(8-CwH:) 
B- 10447 OH HO B- 10417 B-CyH; 


It is interesting that migration of a-naphthyl] radical takes place, 
though to a lesser extent, as well as p-anisy] radical, in the rearrangement 
of sym. di-p-anisyl-di-a-naphthy] glycol, while in the case of sym. di-p- 
anisyl-di-8-naphthy] glycol, migration of p-anisy] radical nearly exclusively 
occurs. Because these results lead us to the inference that a-naphthy] is 
more negative than #-napthyl radical, since in the rearrangement of a 
symmetrical pinacone, the two substituents migrate with different apti- 
tudes, namely, the more negative radical has the greater migratory 
aptitude, and migration of one radical takes place exclusively, when the 
electronegativities of the two substituents are widely different, as discussed 
in the last paper.” 

Sym. di-p-anisyl-di-8-naphthyl glycol is obtained by reducing p-anisyl- 
8-naphthy] ketone by glacial acetic acid and zine dust at room temperature. 
The corresponding pinacoline (II) is obtained by the action of acetyl chlo- 
ride on the pinacone or simply by heating the pinacone with acetic acid. 
Therefore, the reduction of the ketone by glacial acetic acid and zine dust 
at higher temperature gives the pinacoline as in the case of di-anisyl ketone 
and p-methoxy-p’-ethoxy-benzo-phenone.” Here we can find another in- 
stance of increase of reactivity of a pinacone caused by highly negative 
substituents in the molecule. 

When p-anisyl-8-naphthyl ketone was reduced by absolute alcohol 
under direct sunlight, change of its crystalline form was observed from 
thick prisms to thin leaflets, but the ketone remained unchanged. 








(1) Loe. cit. 
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Experimental Part. 


p-Anisyl-8-Naphthyl Ketone, p-CHsOCéH.-CO-8-CwH;. The ketone 

was prepared from §-naphthoy! chloride (19.0 gr.) and anisole (12 gr.) by 
Friedel-Crafts’ reaction. The reaction proceeded smoothly and after usual 
steam treatment, dark coloured buttery mass was obtained which could be 
purified either from hot ligroin or hot alcohol. From ligroin it crystallised 
in an aggregate of slightly coloured prisms, while from the latter it crystal- 
lised in white scales with pearly lustre. When recrystallised from alcohol, 
it crystallises in scales or needles depending on conditions and melts at 
93°C. It dissolves in concentrated sulphuric acid with orange colour. The 
yield of the pure product amounted to 14 gr. which represents 54 % of the 
theory. 

Anal.: Subst. = 0.0685; CO. = 0.2067; H.O = 0.0342 gr. 

Found: C = 82.3; H = 5.59%. 

Cale. for C,;H,,0. (Ketone): C = 82.5; H = 5.59%. 


(p-CHzO0C6H,)(8-CioH7)C(OH) 
Sym. Di-p-Anisyl-di-8-Naphthyl Glycol, 
(p-CHsOC6H,)(8-CioH7)C(OH) 


2.3 Gr. of p-anisy]-8-naphthy] ketone were dissolved in sufficient glacial 
acetic acid (ca. 50 c.c.) to keep it in solution at room temperature, to 
which 10 gr. of zinc dust were added, allowing the mixture to stand at 
room temperature for five days. White precipitates which fell over zinc 
dust, were filtered, boiled with ether to remove impurities and finally 
recrystallised from benzene and petroleum ether. It melts at 160°C., and 
dissolves in concentrated sulphuric acid with dark brown colouration which 
assumes gradually reddish tint. It is almost insoluble in alcohol and ether. 
The yield was about 0.5gr. By boiling the unchanged zinc dust with 
benzene, a further quantity of the glycol was obtained. 


Anal.: Subst. = 0.0634; CO. = 0.1906; H,O = 0.0345 gr. 
Found: C= 82.1; H=6.11%. 
Cale. for C3,H.»O, (Pinacone): C = 82.2; H = 5.71%. 


When the acetic acid solution from which the pinacone and unchanged 
zine dust were filtered off, was poured into water, white precipitates were 
obtained, which, however, when purified from benzene and petroleum 
ether, produced only syrupy substance, which dissolves in organic solvent 
with yellow colour. 


Rearrangement. The pinacone was boiled with acetic acid for 10 
minutes and poured into water. Resulting white flocculent precipitates 
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were recrystallised from ether. The product melts at 185°C. with frothing. 
No depression of melting point was observed, when mixed with di-p- 
anisyl-8-naphthyl-8-naphthoyl-methane, prepared by reducing the ketone 
with boiling acetic acid and zinc dust (See below). The yield was nearly 
quantitative. 

By treating the pinacone with acetyl chloride and glacial acetic acid 
in benzene solution, the same result was obtained. 


Di-p-Anisyl-8-Naphthyl-8-Naphthoyl-Methane, 
(8-C1oH7)(p-CHz30CgH,)2C. co. B-CyH7. 


To gently boiling solution of p-anisyl-8-naphthyl ketone (5.2 gr.) in 
glacial acetic acid (24c.c.), 12 gr. of zinc dust were added by portions. 
Slightly yellowish precipitates which were obtained by pouring the reaction 
products into water, were drained and dissolved in ether. When this 
etheral solution was boiled gently, white crystalline powder gradually 
precipitated, being freed from impurities which remained in solution. The 
product, purified from chloroform and ether, melts at 185°C. with frothing. 
It is nearly insoluble in ether, only sparingly in hot ligroin and alcohol, 
readily soluble in chloroform, acetic acid and hot benzene. It dissolves in 
concentrated sulphuric acid with brownish black colour, which assumes 
gradually reddish tint. 


Anal.: Subst. = 0.0754; CO, = 0.2346; H,O = 0.0387 gr. 
Fonnd: C = 84.8; H = 5.75%. 
Cale. for C3,H2,0; (Pinacoline): C = 85.1; H = 5.51%. 


Constitution. The constitution of this pinacoline is either of the two 
possible isomers, II and III, which give, by hydrolysis, 8-naphthoic acid 
and p-anisic acid respectively. 


p-CH:0CcHs 
(II) p-CHs0CeHs 7C -CO - (8-CyoH7) 
B-CwH7 


p-CH:OCcHs 
(IIT) B-CywH7 my - CO - (p-CsH,OCHs) 
: 8-CyH7 


Though these two acids have close melting points, they can be easily 
distinguished by their solubilities in water and in ligroin and by the optical 
properties of the crystals (See the following table). 
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$-Naphthoic acid. p-Anisic acid. 
M. P. 184°C. 182°C. 

Optical Monoclinic prisms, elongation po- | Monoclinic prisms, elongation nega- 
cakuniiien sitive for crystals with straight tive for crystals with straight 
ted F extinction. extinction. | 

Solubilit . 
in hot ae. Very difficultly. Moderately. 
Solubility Recrystallisable. Only in trace. 


in hot ligroin. 

2 Gr. of the pinacoline were boiled with 100 c.c. of 20% alcoholic potash. 
The pinacoline which is insoluble in hot alcohol, passed gradually into 
solution as the hydrolysis proceeded. After about twenty hours a clear 
solution was obtained, which, however, was kept boiling further for six 
hours. Alcohol was expelled under reduced pressure, acidic and neutral 
constituents being isolated by usual method.” 

The acidic product which was insoluble in hot water, was dissolved in a 
quantity of hot ligroin. On cooling the solution, it was obtained in the 
form of slightly coloured fine needles, which were recrystallised from 
ligroin with an addition of animal charcoal. It melted at 184°C., and was 
identified as 8-naphthoic acid by mixed melting point test and by the optical 
properties of the crystals. 

The neutral constituent was obtained as dark coloured syrup which was 
deemed impossible to be brought into crystallisation. However, the author 
has succeeded in obtaining thick prisms by leaving it to stand at room 
temperature for two months. The crystals, purified with ether on porous 
plate, melted at 89-90°C. with frothing and solidified in a glassy mass. 
Its composition was coincident with that of di- p-anisy] -§-naphthy] - 
methane, (p-CHs0CéH,4)2C H(8-CioH7). 


Anal.: Subst. = 0.0648; CO, = 0.2010; H,O = 0.0385 gr. 
Found: C = 84.6; H = 6.63%. 
Cale. for ‘Cy,;H2,0,: C = 84.7; H = 6.21%. 


Thus it has been proved that in the rearrangement of sym. di-p-anisyl- 
di-8-naphthyl glycol, migration of p-anisyl radical took place exclusively 
and the pinacoline, produced, has the constitution of formula II. 


Reduction by Absolute Alcohol under Direct Sunlight. Two grams 
of p-anisyl-8-naphthyl ketone were sealed in a tube with about 50c.c. of 





(1) Migita, this Bulletin, 7 (1932), 344. 
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absolute alcohol and exposed to direct sunlight for a month. After the end 
of the first week, change of crystalline form was observed from thick prisms 
to thin leaflets. On opening the tube, however, formation of acetaldehyde 
was detected neither by smell nor by Schiff’s reagent. The leaflets were 
filtered and recrystallised from alcohol. It melted at 93°C. and dissolved 
in concentrated sulphuric acid with orange colour. It was identified as the 
original ketone by mixed melting point test. 
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As for the dissociation degree of hexa-aryl ethanes, it is known that 
diphenylyl radical is more potent than phenyl, and naphthyl radicals are 
more potent than diphenylyl in causing the increase of dissociation of 
hexa-aryl ethanes. Thus, hexaphenyl ethane, tetraphenyl]-bis-diphenylyl 
ethane, tetraphenyl-di-@-naphthyl ethane and tetraphenyl-di-a-naphthyi 
ethane dissociate into the corresponding monomers to 0%, 15%, 30% 
and 60% respectively.” According to the electronic conception of 
valency, instability of a carbon-to-carbon bond is attributed to the dis- 
placement of the binding electrons from one or both bound carbon atoms. 
Then, the increase of negativities of the substituents of a hexaaryl 
ethane will lead to the increase of dissociation of the ethane-molecule, 
sinee it causes the decrease of the negativities of the two adjacent carbon 
atoms in chain; in other word, it causes the increase of displacement otf 
the binding electrons from the both carbon nuclei. Consequently, under 
certain conditions, it may be admitted to compare electronegativities of 
the substituents of hexa-aryl ethanes by their dissociation degree. Here- 
vy, the above mentioned radicals will be in the following order with re- 
spect to their electronegativities: @-CioH;>8-CioH;>CoH;.CgH,>CeH,; . 





(1) Gomberg, Chem. Rev., 1 (1925), 104. 
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In the recent papers dealing with the rearrangements of symmetri- 
cal aromatic pinacones, we can find some data concerning the migration 
tendency of diphenylyl radical with respect to some radicals in the pina- 
eoline rearrangements (Table i). 











TABLE 1. 
R ee ae < eee Senay oF aa re 
CoHs-CoHyC C-CoH CoH Migration aptitudes. Observers. 
OH HO 
R C.H;-CgH,. R. 
C.H; 96.5%. 4.5%. Gomberg and Bachmann.) 

p-BrC,H, 92.0%. 8.0%. | Gomberg and Bailar.” 

p-CH;C,H, 43%. 57%. ) 
Bachmann and Moser.*) 


| p-CH,0C,H, 3.2%. 96.8%. J 








It will be infered from these results that diphenylyl radical is by 
far more electropositive than p-anisy] radical, and slightly more posi- 
tive than p-tolyl radical, but exceedingly electronegative than phenyl and 
p-bromopheny] radicals, since according to the author’s theory,” the 
migratory tendencies of the substituents of a symmetrical pinacone can 
be taken for a criterion of their electronegativities. 

In the present work, rearrangement of sym. di-§-naphthyl-bis- 
diphenylyl glycol has been studied, intending, on the one hand, to make 
a supplement to the series representing relative electronegativities of 
organic radicals by determining the relative positions of @-naphthyl and 
diphenylyl radicals in the series by the pinacoline method, and on the 
other hand, to check, thereby, the result infered from the dissociation 
degree of hexa-aryl ethanes. 

On hydrolysing the rearrangement product of this pinacone, both 
8-naphthoic acid and p-phenyl-benzoic acid were obtained with slightly 
different yields, namely, the former with somewhat better yield than 
the latter. However, taking into consideration the remarkable differ- 
ence in the easiness with which the two parent pinacolines are hydro- 


(1) Gomberg and Bachmann, J. Am. Chem. Soc., 49 (1927), 251. 
(2) Gomberg and Bailar, ibid., 51 (1929), 2237. 

(3) Bachmann and Moser, ibid., 54 (1932), 1127. 

(4) Migita, this Bulletin, 7 (1932), 341. 
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lysed (see p. 387), migration of §-naphthyl and diphenylyl radicals may 
be taken to occur nearly to an equal extent; in other words, there is no 
marked difference between these two radicals with respect to their elec- 
tronegativities. Thus, the result obtained is not consistent with that 
infered from the dissociation degree of tetraphenyl-di-8-naphthyl and 
tetraphenyl-bis-diphenylyl ethanes. Though it can not be decided simply 
which of these results is more probable, the author wishes to place more 
weights upon the pinacoline method, since the hexa-aryl ethane method 
has often given deviated results,” probably owing to the fact that the 
dissociation degree of hexa-aryl ethanes depends not only on the nega- 
tivities of substituents, but also on the experimental conditions, such as 
concentration, temperature and the solvent in which the dissociation 
takes place. 

Sym. di-8-naphthyl-bis-diphenylyl glycol was prepared by reducing 
8-naphthyl-diphenylyl ketone with magnesium and magnesium iodide, 
while reduction of this ketone to the pinacone by other methods was 
proved unsuccessful. 

Reduction of this ketone by zinc dust and glacial acetic acid is a 
subject of some interest, since it produced the corresponding methane 
at higher temperature, and the carbinol at room temperature. 

The ketone remained unchanged by the action of alcohol under 
direct sunlight. 


Experimental Part. 


8-Naphthyl-Diphenylyl Ketone. §-CioH;.CO.C;H,.CsH;. This ketone 
was prepared from §-naphthoy! chloride and diphenyl by Friedel-Crafts’ 
reaction, where the formation of the by-product, di-naphthoyl diphenyl, 
was avoided after Montagne’s modification® employed in the prepara- 
of phenyl-diphenylyl ketone. 14.2Gr. of the acid chloride and 12 gr. 
of aluminium chloride were warmed in 65 c.c. of carbon-bisulphide, to 
which were added, on cooling, 20 gr. of diphenyl (twice its equivalent 
quantity), and warmed on water bath. After twenty hours’ heating, the 
aluminium complex was hydrolysed and the resulting yellowish-brown 
crystalline cakes were subjected to usual steam treatments. The raw 
products, after digestion with a small bulk of ether to remove coloured 
impurities, were crystallised from acetone with an addition of animai 


(1) For example, the dissociation degree of tetraphenyl-di-p-anisyl ethane is only about 
30% (Gomberg and Buchler, Chem. Rev., 1 (1925), 104), inspite of the presence of 
extremely negative anisy] radical. 

(2) Montagne, Rec. trav. chim., 27 (1908), 357. 
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charcoal. The ketone crystallised in slightly yellow scales with pearly 
lustre. A second recrystallisation from acetone gave practically colour- 
less product melting at 136°C. which dissolves in concentrated sulphuric 
acid with orange colouration. The ketone is soluble in cold glacial 
acetic acid with an extreme difficulty, sparingly soluble in alcohol and 
ether, and readily soluble in benzene and hot acetone. The yield of the 
pure ketone amounted to about 40% of the theory. 

Anal.: Subst. = 0.0784; CO. = 0.2566; H,O = 0.0381 gr. 

Found: C = 89.8; H = 5.45%. 

Cale. for Co3;H,,O (Ketone): C = 89.6; H = 5.19%. 


Reduction of the Ketone by Zinc Dust and Glacial Acetic Acid. 

(a) At High Temperature. 3Gr. of the ketone were reduced by 6 gr. 
of zinc dust and 12c.c. of glacial acetic acid with boiling. When the 
reaction product was poured into a large quantity of water, slightly 
yellow crystalline cakes were produced and the aqueous solution turned 
a white emulsion. The cakes were drained on porous plate and purified 
from hot ligroin. As yellowish viscid substance separated first from 
the hot solution, the upper solution was decanted and cooled effective- 
ly. White crystals, grouped in burr-like shape were deposited on the 
side of beaker, which melted at 106°C. after a second recrystallisation 
from ligroin, and dissolved in concentrated sulphuric acid with beauti- 
ful violet colour similar to that of the methyl-violets solution. Further 
purification from the same solvent did not improve the product. How- 
ever, when recrystallised from glacial acetic acid, the product melted at 
111°C. and dissolved in concentrated sulphuric acid to colourless solu- 
tion. It was determined to be §-naphthyl-diphenylyl methane by ele- 
mentary analysis and molecular weight determination. The yield of 
the pure compound was 30% of the theory. 

Anal.: Subst. = 0.0706; CO, = 0.2418; H.O = 0.0411 gr. 

Found: C= 93.4; H = 6.68%. 

Cale. for C.;H;, (Naphthyl-diphenylyl methane): C = 93.9; H = 6.12%. 

Mol. weight, measured after Rast. Subst. = 0.189; Camphor = 2.06 mgr. ; 


M. p. depress. = 9.0°C. Found: mol. weight = 300. 
Cale. for C.,H;s (Methane): mol. weight = 294. 


It was proved that the violet colouration produced by the product 
melting at 106°C., when dissolved in concentrated sulphuric acid, was 
due to the corresponding carbinol contaminated as impurity, since the 
carbinol was formed by the reduction of the ketone with the same re- 
agents but at room temperature, and it gave the same colouration when 
dissolved in concentrated sulphuric acid (See below). 
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(b) At Room Temperature. One gram of the ketone, dissolved in 
sufficient glacial acetic acid (ca. 300c.c.) to keep it in solution at room 
temperature, was reacted with excess of zinc dust for four days. The 
filtrate from unchanged zinc dust was poured into water, and the re- 
sulting white precipitates were drained on porous plate and purified 
from ligroin. The product forms white crystalline powder which melts 
at 118°C. to colourless liquid. It was proved to be 8-naphthyl-diphenylyl 
carbinol from its composition and molecular weight. The yield was 
nearly quantitative. 


Anal.: Subst. = 0.0636; CO, = 0.2065; H.O = 0.0364 gr. 

Found: C = 88.6; H = 6.41%. 

Calc. for C.;H,,0 (Naphthyl-diphenylyl carbinol): C = 89.0; H = 5.81%. 
Mol. weight, measured after Rast. Subst. = 0.240; Camphor = 2.05 mgr. ; 
M. p. depress. = 14.5°C. Found: mol. weight = 323. 

Cale. for C.;H,,0 (Carbinol): mol. weight = 310. 


The carbinol is readily soluble in most organic solvents, but with 
great difficulty in cold ligroin. It dissolves in concentrated sulphuric 
acid with colouration of intense violet, similar to that of methyl-violets 
solution. 


Sym. Di-8-Naphthyl-bis-Diphenylyl Glycol eaaeecaineneainaiont atte 
ym. 1-D-INa! t Yi-Dis-V1 : 
r pnenyie YO" (8-CoH:)(CoHs‘CeH,)C(OH) 


Reduction of the Ketone by Magnesium and Magnesium Iodide. The 
reduction was carried out with 2gr. iodine for magnesium iodide, 
2gr. of magnesium, 50c.c. of ether-benzene and 2gr. of §-naphthyl- 
diphenylyl ketone, just in the same way as in the case of di-p-methoxy- 
benzophenone.” On shaking lightly yellowish-green solution, the colour 
changed red and heat was evolved, while magnesium was coated with 
brownish sticky substance. After an hour or more, magnesium was 
uncoated, an intense bluish-green solution being obtained, which chang- 
ed greyish-green in colour, on further shaking. At this point the 
solution was hydrolysed. The pinacone, after digestion with hot 
alcohol to take off unchanged ketone and then with ether to remove 
coloured impurities, was recrystallised from benzene. The purified pro- 
duct weighed 1.3 gr. which was 65% of the theoretical yield. It begins 
to decompose at 156°C. and melted to a yellow liquid at 163°C., which, 
when remelted, begins to sinter at 90°C. and melts to a clear liquid at 
123°C. The pinacone does not dissolve in concentrated sulphuric acid, 


1) This Bulletin, 7 (1932), 339. 
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while the sample, subjected to decomposition at melting point, dissolves 
in it with colouration of brownish-violet. 


Anal.: Subst. = 0.0666; CO, = 0.2165; H,O = 0.0356 gr. 
Found: C = 88.6; H = 5.99%. 
Cale. for C,,H;,0. (Pinacone): C = 89.3; H = 5.50%. 


Rearrangement. 1.5Gr. of this pinacone were boiled with the 
solution consisting of 20c.c. of benzene, 10c.c. of acetyl chloride, and 
5 c.c. of acetic acid. The pinacone which was at first insoluble, gradually 
passed into solution with yellow colour, according as the rearrangement 
proceeded. After twelve hours’ boiling the solvents were expelled under 
diminished pressure and the residue which formed yellow hard crusts was 
submitted to hydrolysis with 30 c.c. of 10% alcoholic potash. According 
with the progress of hydrolysis, white granular substance was observed 
depositing on the side of vessel. As the hydrolysis was found to re- 
quire unexpectedly much of time, it was effected in two stages. After 
48 hours’ boiling, the alcoholic solution was decanted and the residue was 
extracted thrice with hot alcohol. The combined alcoholic solutions were 
analysed for organic acids, while the residue was boiled with a fresh 
addition of alcoholic potash for 240 hours. 

Separation and identification of @-naphthoic acid and p-phenyl-ben- 
zoic acid in the presence of each other, were tried in various ways and 
were found to be hardly possible, though the individual acid has distinct 
properties (Table 2). Fortunately in the present case, these two acids ap- 
pear in the different fractions of the hydrolysate, owing to a wide dif- 
ference in facilities of scission of the two parent pinacolines. 











Table 2. 
6-Naphthoic acid. p-Pheny|-benzoic acid. 
M. P. 182°C. | 224°C. 
| Ag-salt. Ag = 38.7%. Ag = 35.4%. 
| Sublimate. Feathery crystals. im Long silky fibres. 
| Thallo-salt. Sissniei deine - Small diamond shaped crystals. 
—_—f “Needles with straight extinction, | Rhombs with diagonal extinction, 


elongation negative. elongation negative. 
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The acidic product in the first hydrolysate, when purified from 
ligroin with an addition of animal charcoal, crystallised in fine needles 
melting at 175°C., which was proved to be @-naphthoic acid contaminat- 
ed with a minute quantity of p-phenyl-benzoic acid by the analysis of 
its silver salt. Microscopical examination of this product, however. 
failed to give the characteristic thallo-salt of @-naphthoic acid. 


Anal.: Silver salt = 19.03; Ag = 7.41 mgr. 
Found: Ag = 38.0%. 
Calc. for silver naphthoate: Ag = 38.7%. 


When this product was subjected to three successive crystallisa- 
tions from ligroin, it melted at 182°C., sublimed in feathery crystals and 
gave the characteristic crystals of thallium- and barium salts under a 
microscope. 

The acid obtained from the second hydrolysate, crystallised from 
ligroin in the forms of long white silky fibres, which melted at 224°C. 
and gave diamond shaped thallo-salt under microscope. Thereby, it was 
easily identified as p-phenyl-benzoic acid. 

The yield of the crude §-naphthoic acid (m.p.175°C.) amounted 
0.04 gr. and that of p-phenyl-benzoic acid was nearly equal. 


Chemical Institute, Faculty of Science, 
Imperial University of Tokyo. 
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Introduction. 


For the rate of solution of gas into liquid the following expression 
was proposed by the present writer. 





(1) S. Miyamoto, this Bulletin, 7 (1932), 8; Journal of Science of the Hiroshima University, 
A, 2 (1932), 73; Chem. News, 144 (1932), 2738. 
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Mie Mu? 

dn p Se 2kT__& / RT | 2rr 
= : e — S e af 

dt W2xMRT 1000 Nv 27M (1) 
where p is the partial pressure of the gas, M the molecular weight of 
the gas, R the gas constant, 7 absolute temperature, S the area of the 
boundary surface, c, the concentration of the gas in the liquid phase 
expressed by moles/liter, x the number of moles of the gas in the liquid 
phase, and ¢ the time. ’ 


The derivation of the above equation is based upon two assumptions, 
(a) that among the molecules of gas which collide with the interface, 
only those, whose components of velocities at right angles to the inter- 
face are greater than a threshold value u,, can enter into the liquid 
phase, and (b) that among the molecules of gas in the liquid phase, 
only those, which collide with the boundary surface with velocities, 
whose components at right angles to the boundary surface are greater 
than a threshold value wu,’ , can escape from the liquid phase. 


When the liquid is saturated with the gas, 


dn 


=0. 
dt 


Then in the state of saturation, 
Mu2 Mu? 


p ORT _ Cn / RT . 2RrT 9 
- = a= e ee ae (2) 
V 2xnMRT 1000 27M 


where c,, is the concentration of the saturated solution. 
From equations (2) and (1) we have, 


_ Mie Muf? 
= = 00054 oat oe ee ram “mt cet 3) 
or 
Ee ee eer ere eS (4) 
dt 
where 
Mul? 


oe hod ae ¢ 2RT 
1000*% 2aM > tee eee eee ewes enee 
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Equation (4) is the well known equation, experimentally obtained and 
theoretically interpreted by the diffusion layer theory. When equation 
(4) is derived by the diffusion layer theory, the constant K is naturally 
conditioned by different factors from the constant involved in equation 
(5); the former is a function of the diffusion coefficient and the thick- 
ness of the supposed diffusion layer. 

According to Brunner, Davis and Crandall, the diffusion theory 
implies the existence of a stationary liquid film of a thickness of about 
2 10-*-2«10-* cm., the exact value naturally depending upon the rate 
of revolution of the stirrer in the main body of the liquid. When the 
liquid phase is well stirred, the question is whether a stationary liquid 
film of this thickness really exists at the interface. “A direct confirma- 
tion is necessary. 

It was proved by the present writer® that the velocity of oxidation 
of sodium sulphite solution by oxygen in the presence of the molecular 
film of stearic acid or that of palmitic acid is almost identical with that 
in the absence of the molecules of these fatty acids. Now we must take 
into consideration from this experimental fact that when the main body 
of the liquid phase is well stirred, the thickness of the supposed station- 
ary liquid film is smaller than the length of a molecule of the fatty 
acid® employed (the length of the stearic acid molecule — 26.2 10-* 
cm., and that of the palmitic acid molecule — 23.710-%cm.). When 
the thickness of the stationary liquid film is as small as this, the mecha- 
nism of solution of gas can not be interpreted as a diffusion process. 

The second assumption made in the diffusion layer theory is that 
the upper layer of the stationary liquid film is saturated instantaneously 
with the gas. If this assumption is correct, the rate of solution of gas 
should be considerable when the liquid phase is stirred so violently that 
new surfaces are constantly formed, but it has not yet been proved ex- 
perimentally. 

For the derivation of equation (4) from the theory of the present 
writer, neither the assumption of the existence of a stationary liquid 
film, nor that of the instantaneous saturation of the upper layer of the 
film with gas is necessary. 


The Initial Rate of Solution of Gas into Liquid. The initial rate of 
solution of gas into anatiedls or the rate of solution of gas when the liquid 


(1) Z. oheeth Gem, ‘47 (1904), 99. 

(2) J. Am. Chem. Soc., 52 (1930), 3760. 

(3) S. Miyamoto, T. Kaya and Nakata, this Bulletin 6 (1931), 183; Journal of Science of 
the Hiroshima University, A, 1 (1931), 203. 

(4) Langmuir, J. Am. Chem. Soc., 39 (1917), 1848; Adam, Proc. Roy. Soc. London, A, 99 
(1921), 336 ; LOL (1922), 425, 516; 103 (1923), 676, 687. 
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is perfectly free from the gas, is expressed by the following equation, 
which is obtained by putting c;—0 in equation (4). 


dn 
MTs bh cbueds bbe Cnedeeceeeens 
( dt Initial P . - 


According to the diffusion layer theory, equation (6) gives the rate 
of diffusion of the gas molecules between the layer of concentration of 
saturation and that of zero. 

According to the theory of the present writer the initial rate of solu- 
tion of gas has a totally different character. From equations (6), (5) 
and (2) we have 


Mu2 
‘dn p ~ 2RT 
Pa s oe i ee 7 
dt es V2nMRT * ° (7) 


This equation is directly obtained by putting c,;— 0 in equation (1). 
Equation (7) expresses the number of moles of gas which enter into 
the liquid phase per unit of time, when the liquid is perfectly free from 
gas molecules, the area of the boundary surface being S cm’. 

An important difference between the diffusion layer theory and the 
theory of the present writer is that the former assumes the instantaneous 
saturation of the upper layer of the liquid surface with gas, while the 
latter does not. According to the theory of the present writer the 
initial rate of solution of gas is expressed by equation (7), and a 
measurable time is necessary for the saturation of the upper layer of 
the liquid surface. 


The Rate of Solution of Gas into Liquid 
Containing a Reacting Substance. 


When the liquid contains a substance which reacts with the gas, 
the phenomenon is more complex. In the present paper only the initial 
rate of solution of gas, when the velocity of reaction between gas and 
reacting substance is considerable compared with the rate of solution, 
is discussed. Davis and Crandall” applied the diffusion layer theory in 
the following manner to the interpretation of the rate of solution of 
gas into liquid containing a reacting substance. 

They assumed that the upper layer of the stationary liquid film is 
instantaneously saturated with the gas and that the gas molecules diffuse 





(1) J. Am. Chem. Soc., 52 (1930), 3769. 
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from this layer to the reaction zone, in which the concentrations of both 
gas and reacting substance remain at zero, and that the molecules of 
the reacting substance diffuse from the layer of concentration c,, to the 
reaction zone, ¢c,, being the initial concentration of the reacting substance 
in the main body of the liquid phase. 

They assumed that the initial rate of solution, experimentally ob- 
served, is no other than the rate of diffusion in this state, and derived 
the following equation for the initial rate of solution. 


1 (/dn° 
ee et eee ee 8 
19 id conti a 


Equation (8) is inadequate for the complete interpretation of the 
experimental facts, as will be shown in what follows. It follows from 
equation (8) that the initial rate of solution increases consistently with 
the increase of concentration of the reacting substance c,,. At the same 
time the decrease of the initial rate of solution caused by the decrease 
of solubility of gas c,, should be taken into account, as the solubility of 
gas c., decreases with the increase of the concentration of the reacting 
substance c,,. But c., generally has a small value. Therefore it is 
clear that when the value c¢,, is relatively great, the decrease of the 
value c,, is negligible, and the initial rate of solution expressed by 
equation (8) should increase consistently as the value c,, is increased. 

Contrary to what we should expect from equation (8), the initial 
rate of solution actually seems to decrease with the increase of concen- 
tration c,, when the value c,, is great. For example, the initial rate of 
solution of carbon dioxide into sodium hydroxide solution, observed by 
Ledig and Weaver,” increases with the increase of the value c,, when 
the value c,, is less than about 2.5 normal, and decreases when the value 
c,, is further increased. 

The rate of solution of oxygen into sodium sulphite solution de- 
creases with the increase of the concentration of sodium sulphite when 
the concentration is greater than about 1 normal.® It is to be expect- 
ed that the initial rate of solution of oxygen into concentrated sodium 
sulphite solution is less than that into dilute solution. 

Equation (8) can not interpret these experimental facts. 

This disaccord between equation (8), theoretically derived from the 
diffusion theory, and the experimentally observed facts would appear to 


(l) J. Am. Chem. Soc., 46 (1924), 650. 
(2) S. Miyamoto and T. Kaya, this Bulletin, 6 (1931), 264; Journal of Science of the 
Hiroshima University, A, 2 (1932), 59. 
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be due to the assumption, employed for the derivation of equation (8), 
viz. that the upper layer of the liquid surface is instantaneously saturat- 
ed with the gas. 

The present writer is of the opinion that the initial rate of solution 
of gas in the presence of the reacting substance is expressed by equa- 
tion (7) exactly as in the case of pure liquid. This does not mean that 
the presence of the reacting substance in the liquid phase has no effect 
upon the initial rate of solution of gas. As the value w,, in equation 
(7), is a constant depending upon the nature of the liquid phase, it 
varies with the change of concentration of the reacting substance in 
the liquid phase, and the initial rate of solution increases or decreases 
as the value uw, decreases or increases. 


Equation (7) does not contain a term ¢,... This means that the 
initial rate of solution does not depend upon the solubility of gas. Ac- 
cording to the theory of the present writer the solubility of gas is ex- 
pressed as a function of u,2—1u,’* as will be seen in equation (9), while 
the initial rate of solution as a function of wu, only. 


The initial rate of solution of carbon dioxide into sodium hydroxide 
solution, observed by Ledig and Weaver,™ is interpreted according to 
the new theory in the following way. At low concentrations the initial 
rate of solution increases with the increase of concentration of sodium 
hydroxide as the value u, decreases, and at high concentrations the ini- 
tial rate of solution decreases with the increase of concentration of 
sodium hydroxide as the value uw, increases. 

In the case of the rate of solution of oxygen into sodium sulphite 
solution the value u, does not appear to be much effected by the increase 
of concentration of sodium sulphite at low concentrations, as the rate of 
solution of oxygen is independent of the concentration of sodium sul- 
phite.® The direct observation of the initial rate of solution of oxygen 
into sodium sulphite solution will be carried out on a later occasion. 

A collaborator of the present writer is now studying the rate of 
solution of oxygen into alcoholic solution of anhydrous stannous chloride, 
and it has proved that the initial rate of solution is not much effected 
by the increase of concentration of stannous chloride at low concentra- 
tions, while the initial rate of solution decreases as the concentration of 
stannous chloride increases at high concentrations.” This phenomenon 
is to be interpreted exactly as in the case of sodium sulphite solution. 


(1) Loe. cit. 
(2) Loc. cit. 
(3) The result of this experiment will be published shortly. 
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The Solubility of Gas. From equation (2) we have, 


M 
= (u2—ul?) 
a em Pe TE (9) 


The solubility of gas ¢. moles/liter is given by equation (9) ac- 
cording to the present theory. The solubility is not a function of wu, 
only, but that of u,?-1u,’*. 


The Calculation of % and uw’. From equation (7) we can calculate 
the value w,, if the initial rate of solution of gas be determined, and 
when the value of wu, and the solubility c.. are known, the value of wu,’ 
is calculated from equation (9). In the case of oxygen and water the 
value of u, is 

U, — 1.6510° cm./sec. at 15°C., 
and the solubility of oxygen at 15°C. is 
Co. — 1.50«10-* moles /liter. 
The calculated value of u,’ from equation (9), using these values, is 
Up” = 1.49 10° cm./sec. 
This means that among the molecules of oxygen in water, only those 
which collide with the interface with velocities whose components at 
right angles lo the boundary surface are greater than a threshold value 
1.49 10° cm./sec., are able to escape from the liquid phase. 


A Kinetic Derivation of the Distribution Law. 


In equation (9) c.. is expressed by the number of moles per liter. If 

Cc. be expressed by the number of moles per c.c., equation (9) becomes 
M 2 12 

p . orp) 


Cn. = é 


ze 

Equation (10) expresses the relation between the solubility and the 
partial pressure of gas. At constant temperature, the value wu,?-—1,’? 
can be considered to be constant, and then we have from equation (10) 


Me. . cdtahketheebssatantebebesenbes (11) 
where 
M 
° —_ (u2—uf?) 
k= ae it isis Ra nT (12) 


(1) S. Miyamoto and A. Nakata, this Bulletin, 6 (1931), 21; Jonrnal of Science of the 
Hiroshima University, A, 1 (1931), 1438. 
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Equation (11) is Henry’s law, and the constant k, according to the 
present theory, has the value given by equation (12). Now, 


where c, is the concentration of gas in the gas phase. From equations 
(10) and (13) we have 


— ms (u2—ul?) 
ig ee Oe (14) 
Cy 
or 
Mu? Mus 
ee ea SR 5 ee een (14’) 
Ce RT 


If the values of E,, and E,,’ are given by 


Mi 


2 _— Exz.9 ’ 


MO Bldgs veeeeseseesee. (15) 


we obtain by substituting these values in equation (14), 


een ee (16) 


Cy RT 


Equations (14) and (16) also give Henry’s law. 


The distribution of a substance between two liquid phases can be 
treated in exactly the same way. Consider a case in which a substance 
is distributed between two liquid phases A and B in one and the same 
molecular state. Then the rate of increase of the substance in phase B 
is expressed by 


N dn 
ee Er CES eee eee me 17 
S dt lc (17) 


where N is Avogadro’s number, N,; the number of molecules which 
transfer through unit area of the boundary surface from phase A to 
phase B per second, N2 the number of molecules which transfer through 
unit area of the interface from phase B to phase A per second, S the 
area of the boundary surface, » the number of moles of the substance 
in phase B, and ¢ the time. 


Now the following assumptions are proposed. 
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(a) Among the molecules of the distributed substance in phase A, 
which collide with the interface, only those, whose components of velo- 
cities at right angles to the interface are greater than a threshold value 
u,, are able to enter into phase B, and 

(b) Among the molecules of the substance in phase B, which 
collide with the interface, only those, whose components of velocities at 
right angles to the interface are greater than a threshold value we, 
are able to enter into phase A. 

By Maxwell’s distribution law, among N molecules, the number of 
molecules, whose components of velocities at right angles to a fixed plane 
lie between wu and u-+du, is expressed by 


Ny 7 Mi2 
dN = 2RT du . 
/2nkt ” 

M 


Then it is clear that N, is expressed by the following equation. 


eo Mi? sa Mut 
N ~~ 2RT RT . 2rT 
N=\—% du =¢,N,/ = es 
| [2nRT * 7 Voor” (18) 
a M 


where c, is the concentration of the substance in phase A, expressed by 
moles per c.c. Similarly N» is expressed by 


ad Mi2 Mid 
” c2N ~ 2RT gy =oeN,/ PR? ¢ 2RT .... 19 
Nz | eee" Uu= onM ° , (19) 
Ue M 


where ec. is the concentration of the substance in phase B expressed 
by moles per c.c. From equations (17), (18) and (19) we obtain 


Mu r ” Mus 
dn _ [RT , 2RT_.o / RT , oT 
ae 8" oe ON nM « 
‘ Mui M5 
=s,f Pt ae "BT ee at © Lone Rene (20) 
Tv 


In the state of equilibrium 
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Ci = Cro » C2 = Creo 5 


ee. eens. ae ss eee eee 21 
hic (21) 


dt 


From equations (20) and (21) we obtain 


Mj Muy 
i mage OF Oy cecccccsccsnces (22) 
or 
1 a) 
iia lll nO TORT DOT T TOe (23) 
C2. ce 
If F,, and F,.are expressed by 
2 2 
, a a ee _ (24) 


2 2 


we obtain by substituting these values in equation (23) 


1 
Rp = 1 — Exz.2) 


Sima." waaeiieeekmemeamedeid (25) 
C2. 0 
or . 
] C1. — = - 1 “ Es. ee. Ex. - js ee ee eeeeeeeeeee 26 
n . RT (Ez. 2) (26) 


When the temperature is constant, the values of u; and ue or those 
of F,., and E,.. are constant and we have 


Ci. — eonst. 


oo 


Equations (23), (25) and (26) give the distribution law derived ac- 
cording to the present theory. 

The distribution law is usually derived thermodynamically by mak- 
ing the chemical potentials of the distributed substance in the two liquid 
phases equal in the state of equilibrium.” The chemical potentials jy 
and pe are expressed by 


a= Ki+RTlnz, 
jo = Ke+ RT Iny, 





(1) R. Lorenz, Z. anorg. allgem. Chem., 178 (1929), 346. 
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where x and y are the mole fractions of the substance in the two phases 
respectively.. At equilibrium 


hi = fe 
and we have 
ee ie os nab ninwnunnnnis 28 
: RT! 2— Ky) (28) 


It is an interesting fact that equation (26), derived kinetically, has 
a form analogous with equation (28), obtained thermodynamically. 


Summary. 


(1) The initial rate of solution of gas*into liquid was developed 
from a new theory of the rate of solution based upon the assumptions. 
(a) that among the molecules of gas, which collide with the interface, 
only those, whose components of velocities at right angles to the inter- 
face are greater than a threshold value w,, can enter into the liquid 
phase, and (b) that among the molecules of gas in the liquid phase. 
only those, which collide with the interface with velocities, whose com- 
ponents at right angles to the interface are greater than a threshold 
value uw,’ can escape from the liquid phase. 

The equations derived from the new theory were compared with 
those obtained from the diffusion layer theory. 

(2) The solubility of gas was expressed as a function of u, and w,’. 

(3) The values of w, and w,’ were calculated in the case of oxygen 
and water at 15°C. 

(4) Henry’s law was derived by means of the new theory. 

(5) The distribution of a substance between two liquid phases was 
discussed in exactly the same manner. 


Laboratory of Physical Chemistry, Hiroshima University, 
Hiroshima. 
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